Abstract. The aim of the present study was to determine the influence of stress on the colonic mucosa and immune system and to further investigate the association between stress and development and pathogenesis of ulcerative colitis (UC). Mice were treated with 2,4,6-trinitrobenzenesulfonic acid to induce an animal model of UC, and stress was induced by water immersion and restraint. Subsequently, the disease activity index (DAI), secretory immunoglobulin A (sIgA), IgA, interleukin (IL)-6 and -8, tumor necrosis factor-α (TNF-α), complement component (C)3 and C4, and alterations in the colonic mucosa were observed. The DAI scores and the expression levels of IL-6, IL-8 and TNF-α significantly increased in the experimental UC mice compared with the control mice, while the expression levels of IgA and sIgA decreased (all P<0.01). DAI and colonic mucosa damage scores increased in the stress-treated mouse models of UC compared with the untreated mouse models of UC (P<0.05). Expression levels of IgA and sIgA decreased, while IL-6, IL-8 and TNF-α further increased in the stress-treated UC mice (P<0.05). The expression levels of C3 and C4 were not affected by stress or UC (P>0.05). These results indicated that UC may be associated with an immune disorder and that stress can aggravate colonic mucosa injury and alter the immune response. Furthermore, stress and immunity may serve roles in the pathogenesis of UC.
Introduction
Ulcerative colitis (UC), an inflammatory bowel disease (IBD) affecting the colon, is characterized by a chronic, relapsing, organ-specific inflammatory state of the mucosa (1). The incidence and prevalence of UC are higher in countries with greater economic development, particularly in the northern countries of Western Europe, Canada, USA, Australia and New Zealand (2) . The incidence of UC has recently increased (3) . The pathogenesis of UC is associated with various factors, including genetic predisposition (4), environmental risk factors (5) and the state of the immune system (6) . Furthermore, the disorder of the immune system is considered an important factor (7) , and psychological stress is considered one of the risk factors for UC (8) .
The recent increase in the pace of human life, competition, pollution and the number of stress stimuli contributed to greater susceptibility to disease. Research into the influence of stress on disease status has received increasing attention from clinicians. Stress causes alterations in psychological and physiological functions due to recognition and evaluation of the stimuli from a stress source (9) . The mechanism by which psychological factors influence the body has not been extensively studied. It is challenging to design experiments to quantitatively measure psychological factors and evaluate psychosomatic associations. However, animal models of stress have been previously established and used to study physiological responses (10) . Therefore, the present study aimed to observe the effects of stress on the general condition, characteristics of the colonic mucosa and immunity-associated indicators of normal control mice and mouse models of UC mice. In addition, the present study investigated the effect of stress on the occurrence, development, prognosis and possible pathogenesis of UC.
Materials and methods
Materials. Mice were weighed 1 h before the initiation of the model, and a calculation was made to obtain a 5% 2,4,6-trinitrobenzenesulfonic acid solution (TNBS; 150 mg/kg; Sigma-Aldrich, Merck KGaA, Darmstadt, Germany final solution was mixed to achieve a solution of 5% TNBS and 380 g/l ethanol using a 4:1 volume ratio of ethanol to TNBS. The laboratory equipment used in the present study included a LabSystems Multiskan MS plate reader (Thermo Labsystems, Helsinki, Finland), anesthesia machine (Beijing Yiren Hengye Technology Co. Ltd, Beijing, China), optical microscope (Olympus Corporation, Tokyo, Japan), water jacketed incubator (Shanghai Yiheng Scientific Instruments, Co., Ltd., Shanghai, China) and gavage needles (Changzhou Jinliyuan Medical Instrument Co. Ltd, Changzhou, China). Enzyme-linked immunosorbent assay (ELISA) kits for secretory (s) immunoglobulin (Ig)A (SBJ-R0054), interleukin (IL)-6 (SBJ-H0465), IL-8 (SBJ-R0033), tumor necrosis factor (TNF)-α (SBJ-R0040), complement component (C)3 (SBJ-H0199) and C4 (SBJ-R0368) were obtained from SBJBio (Nanjing, China), and the ELISA kit for IgA (FU-D1033) was obtained from Beijing Xin Fangcheng Biotechnology Co., Ltd. (Beijing, China).
Animals.
A total of 80 experimental specific pathogen-free BALB/c mice (age, 6-8 weeks; weight, 18-22 g) were purchased from the Institute of Laboratory Animal Science, Chinese Academy of Medical Sciences (Beijing, China). Mice were maintained at a specific pathogen-free facility with 40-70% humidity and 24-26˚C temperature, with a 12-h light/dark cycle and free access to food and water. The research program was approved by the Ethics Committee of Tianjin Nankai Hospital. The mice were allowed to acclimate to laboratory conditions for 7 days and then fasted for 36 h with ad libitum access to water. The mice were subsequently deprived of water 1 h before the experiment and randomly divided into 4 groups (n=20/group): i) Control group (A); ii) stress group (B), iii) UC + stress group (C); and UC model alone (D). Mice in groups C and D were treated with TNBS-ethanol solution to induce UC. After 5 days, the mice in groups B and C were restrained in water, as described below.
Establishment of the animal model
Establishment of the animal model of UC. The present study used a modified TNBS protocol combined with an addition of an alcohol complex to establish the animal model of UC (11) . Mice were fasted for 36 h with free access to water. Animals were subsequently weighed 1 h before the experiment in order to calculate the drug dose to be administered and were anaesthetized by isoflurane inhalation, as previously described (anesthesia machine oxygen flow rate, 0.6 nl/min; isoflurane concentration, 4-6%; maintenance anesthesia, isoflurane 1-2% for 1 min using an anesthesia tube and plastic funnel to cover the nose and mouth of the mice) (12) . Anesthesia was considered successful when the mice were calm, supine and breathing smoothly. For administration of the TNBS-ethanol solution, a gavage needle was connected to a 1-ml syringe. The needle was lubricated with liquid paraffin and slowly inserted into the anus of each mouse to a depth of ~1-2 cm. The solution was slowly injected with the gavage needle continuously pushed. The solution was completely injected at a depth of 4-5 cm into the anus. The tail of the mouse was slowly lifted to clench the anus to prevent the outflow of liquid and in order to ensure that the TNBS solution was dispersed in the colon. In addition, the anesthesia table and the mice were maintained at angle of 45-60˚C and the position of the mice was rotated for 5 min to ensure that the TNBS solution was in contact with the wall of the colon. The mice naturally woke and became alert, and were subsequently released into the cages and provided free access to food and water. Measurements were taken 5 days following induction of the model of UC.
Establishment of the animal model of stress. Groups B and C were subjected to stress via the water immersion restraint method. Mice were fasted for 24 h with ad libitum access to water. Mice were anaesthetized in a cage and immersed in water continuously for 4 h (water temperature, 25±1˚C; water level, cartilago ensiformis) as previously described (13) .
General condition of the mice. The following characteristics of mice were observed and recorded: Mental state (via duration of sleep, time of waking and response to external stimuli), physical activity (14), food consumption, body weight, fur gloss (15), stool type, fecal occult blood and mortality rate. The disease activity index (DAI) was calculated as previously described by Murthy et al (16) (Table I) , using the following formula: DAI=[weight loss (%) + characterization of feces + hematochezia)/3.
Macroscopic scores. Mice were restrained and blood samples were collected via orbital puncture following anesthesia as described above. Mice were euthanized by cervical dislocation and dissected to open the abdominal cavity and access the colon. Colonic lavage was performed. Following removal of the colon lavage fluid and brushing of intestinal tissue, the colon was cut into sections along the mesenteric side and fixed with a pin. The colon was subsequently observed by the naked eye and scored according to the criteria described in Table II (17, 18) .
Microscopic scores. Distal colon sections (0.5 cm from the anus; dimensions, lx0.5 cm) were obtained for analysis, fixed with 4% formalin at room temperature for 24 h, and embedded in paraffin. Subsequently, 4-µm-thick sections were prepared and hematoxylin-eosin staining was performed at room temperature. For each slice, 3 fields of view were randomly selected for analysis and scored according to the parameters previously described by Gaudio et al (19) (Table III) .
Detection of immune factors.
Following the induction of the animal model of stress, mice were dried off to prevent water from contaminating the microcentrifuge tubes and causing hemolysis. Following blood collection for detection of immunoglobulin (Ig)A, interleukin (IL)-6, IL-8, TNF-α, C3 and C4 by orbital puncture, mice were sacrificed, and the abdominal cavity was dissected to isolate the colon, as detailed above, which was subsequently washed thrice with 2 ml physiological saline. The saline was removed, and the solution was centrifuged for 20 min at 4˚C (1,369.5 x g). The supernatant was removed to detect soluble (s)IgA. All samples were processed using ELISA kits, according to the manufacturer's protocol.
Statistical analysis. Data are presented as the mean ± standard deviation. Differences between any 2 groups were determined by one-way analysis of variance with the Student-Newman-Keuls post hoc test. SPSS software (version 16.0; SPSS, Inc., Chicago, IL, USA) was used for all calculations. P<0.05 was considered to indicate a statistically significant difference.
Results

General condition of the mice. Following 36 h of fasting with
ad libitum access to water, the maximum body weight loss of mice was 1.06 g. The rage of weight loss was 0.85±0.21 g. The following observations were made regarding the general condition of group A mice: Glossy fur, responsive to stimuli, physically active and flexible, healthy weight and granular stool. In comparison with group A, mice in groups C and D exhibited slow activity, increased duration of sleeping, loose and dull skin, decreased appetite, bloody stool and weight loss (Fig. 1) . Mice in group B exhibited excitability, and increased breathing and heart rate in the early stage of the stress experiment. These mice gradually became subdued with smooth breathing and reduced responses to external stimuli. Group C mice exhibited similar characteristics to group B mice but their excitement (physical activity, propensity to cry and struggle when being handled) intensity was weaker and more rapidly suppressed. Preoperative DAI values for the mice in each group exhibited no significant differences (P>0.05). The DAI values of each group at 5 days post-administration of TNBS-ethanol solution were in the following order from high to low: C>D>B>A. There was a statistically significant difference between group A and both groups C and D (P<0.01). Furthermore, the DAI index in group B was different compared with both groups C and D (P<0.01). DAI scores were not significantly different between groups C and D (P>0.05; Fig. 1 ). No mortality was observed in group A. Mortality was observed in one mouse in group B due to asphyxia; 4 in group C, including 2 from intestinal necrosis, 1 from mechanical intestinal obstruction and 1 from asphyxia; and 3 in group D, including 1 case of mortality due to intestinal necrosis and 2 due to mechanical intestinal obstruction (Fig. 2) . The survival of mice in group A was better than that ingroup C, and the difference was statistical significant (P= 0.0455). However, there was no significant difference in survival among groups B, C and D at day 5.
Macroscopic and microscopic characteristics of the colonic mucosa. Macroscopic characteristics were evaluated by the naked eye. Normal colonic mucosa should appear red and smooth with no injury, as in group A. However, following induction of the UC model, colonic mucosa became extensively congested and edema and ulcers were observed along with the development of rough mucus membrane with mucosal erosion, which was obvious in group C. Group B had a less marked manifestation than group C (Fig. 3) . Pathological analysis using microscopy indicated inflammatory cell infiltration, diffuse mucosal hyperaemia, extensive edema, epithelial and glandular damage, decreased number of goblet cells, and crypt abscesses (Fig. 4) . Groups B, C and D had different degrees of injury. Among them, group C was the most severe. The above results indicated that stress can aggravate injury of the colonic mucosa (Figs. 1, 3 and 4) .
Serum levels of IgA and secretory sIgA in colonic lavage fluid.
The levels of serum IgA and sIgA in the colonic lavage fluid of each group 5 days post-administration were in the following order from the highest to the lowest: A>B>D>C. Statistically significant differences were identified between groups A and C (P<0.01), and groups B and C (P<0.01). In comparison with group D, the level of group C was also declined (P<0.05; Fig. 5 ).
Serum levels of IL6, IL8, TNF-α, C3 and C4.
The serum levels of IL6, IL8, TNF-α, C3 and C4 in each group 5 days post-administration were in the following order from the highest to the lowest: C>D>B>A. Significant differences were observed in IL-6, IL-8 and TNF-α expression between groups A and C, and between groups B and C (P<0.01). Group C exhibited higher levels than group D (P<0.05; Fig. 5 ). However, there was no significant difference in the levels of C3 and C4 between groups.
Discussion
UC is an immune-mediated chronic inflammatory disease with symptoms including abdominal pain, bloody diarrhea and fatigue. UC is associated with numerous complications involving all systems of the body and its chronic nature follows an unpredictable course with instances of exacerbation and remission (20) . In recent years, it has become an increasingly common disease of the digestive system. With increasing incidence, UC can severely affect the physical and mental health, and the quality of life of patients (21) . Previous studies indicated that UC may be associated with a complex interaction of genetic, environmental, immune and psychological factors in susceptible individuals. The interaction between these factors results in severe intestinal inflammation (22) . Psychological effects from UC and UC medications are experienced by many patients with UC (23) .
Adaptation to environmental stimuli is necessary to maintain homeostasis. Stress can be defined as a threat to an organism's homeostasis (8) . Psychological stress is defined as a psychological alteration resulting from patients' feelings of unease, worry, and/or fear. Psychological stress induces gastrointestinal symptoms, including dyspepsia and abdominal pain (24, 25) , and increased colonic motility (26) . Stress is a risk factor, trigger and perpetuating factor in UC (27) . Mechanisms by which stress affects the nervous system to alter the immune function at both the systemic and gut mucosal level are currently under investigation (28, 29) .
The results of the present study indicated that stress can aggravate the injury of the colonic mucosa and immune system. The effects of stress are complex and depend on the duration and intensity of the stimulus. A small amount of stress has been hypothesized to enhance immune function; however, increased intensity of stress can be detrimental due to excessive production of neuroendocrine-derived mediators that weaken immune responses to invasive pathogens (30) . By acting on the catecholamine receptors of immune cells, stress may reduce the capacity of the sympathetic nervous system to release large amounts of catecholamines, thereby weakening the immune response (31) . In addition, stress can cause intestinal motility dysfunction and intestinal flora imbalance, and induce spasms of intestinal smooth muscles and vessels, thus leading to a lack of blood and oxygen supply and an increase in mucosal barrier dysfunction (32) .
Stress may be classified into 4 types, including physical, social, cultural and psychological (33) . Among these, psychological stress is one of the most ubiquitous and notable (34) . A number of experimental methods have been previously used to induce animal models of stress, including restraint, water immersion, thermal stress and fatigue (35, 36) . Among these methods, the former two lead to pronounced stress and exhibited numerous advantages, including simplicity and low variability among different groups (10, 37) . Furthermore a combination of restraint and water immersion can successfully induce experimental anxiety to study the underlying psychological or emotional factors (38) .
The mouse models of UC established in the present study consumed less food, exhibited decreased activity, weight loss, diarrhea, bloody stool, a decrease in fur glossiness, edema in colonic mucosa, congestion and ulcer formation, as observed by the naked eye. Furthermore, these mice exhibited infiltration of inflammatory cells, loss of goblet cells and ulcer formation, as exhibited by pathological analysis. All of the above parameters suggested that the model of UC was successfully induced. In addition, stress induced a decline in the general condition (mental state, activity, food consumption, body weight and fur gloss), an increase in DAI scores of mice with UC and aggravated macroscopic and microscopic damage of the colonic mucosa. These results indicated that stress may be a pathogenic factor for patients with UC and can result in disease exacerbation. Stress treatment, such as anti-anxiety therapy, may be a part of a comprehensive treatment strategy for patients with UC.
Healthy intestinal mucosa is protected against external stimuli by a complex mucosal defense barrier (39) . In mouse models of UC, the colon mucosa was thin and extensively congested with edema and ulcers, which may be due to the defects of the intestinal barrier function and immune mechanisms (40) .
Compared with the control group, the level of serum IgA and colonic lavage fluid sIgA in the mouse models of UC with stress decreased significantly, demonstrating that stress produced the downward trend. Previous studies have reported a reduction in sIgA levels in patients with IBD, which is supported by the results of the present study (41) . IgA and sIgA are the most abundant Igs in humans and the first line of specific immunological defense against environmental antigens (42) . Possible reasons for the decreased levels of IgA in mouse models of UC with stress are that the stress acted on the neuroendocrine immune regulation network, which decreased the release of large amounts of catecholamines by the sympathetic nerves, whereas catecholamines acted on catecholamine receptors of immune cells to weaken the body's immunity (43) . Alternatively, stress may act through stimulating the release of glucocorticoids by the pituitary adrenal cortex system of the brain to induce immune suppression (44) . Immune suppression in addition to the weakened colonic mucosal barrier function, may cause reduced resistance to external stimulation and aggravated severity of UC (45) . This abnormal intestinal immune response may be involved in the pathogenesis of UC.
TNF-α is an important proinflammatory cytokine associated with cell apoptosis, inflammation, metabolism and thrombosis. TNF-α stimulates the secretion of IL-6 and -8 to promote the activation of nuclear factor (NF)-κB, which induces proinflammatory and immunomodulatory gene expression (46) . Active NF-κB can further stimulate the expression of TNF-α and increase the intensity of inflammation (47) . The development of neuroendocrine immunology introduces a new perspective for understanding the mechanisms underlying stress (48) . Stress can activate the peripheral and central immune system responses and induce the release of inflammatory mediators, including TNF-α, IL-6 and IL-8 (49) . Activated immune system mediates the process of psychological disorder through the interaction with neuronal and neuroendocrine systems (50) . An animal model of UC used in the present study exhibited significantly increased serum IL-6, IL-8 and TNF-α expression levels. It has been previously demonstrated that stress may lead to neuroendocrine immune system abnormalities that increase the secretion of IL-6, IL-8 and TNF-α. Therefore, it may be hypothesized that in the present study, stress exacerbated UC due to increased secretion of IL-6, IL-8 and TNF-α via the neuroendocrine-immune system. Serum C3 and C4 serve important roles in immune defense, immune regulation, and immune pathology. Decreased expression levels of these factors may cause a decreased ability to resist external pathogens and increased susceptibility to illness (51) . In the present study, induction of the UC model and stress exhibited no significant effects on serum levels of C3 and C4, and the reason may be associated with insufficient sample size or the type of stress and the duration of stimulation. Alternatively, stress may have no effect on C3 and C4; however, further studies are required to test this hypothesis.
Using the water immersion with restraint method of stress induction, the present study concluded that stress may increase colonic mucosa damage in mice with UC and interfere with the immune regulation involving TNF-α, IgA, sIgA, C3 and C4, thereby increasing the severity of UC in mice. The above data suggested that, at least in some UC mice, stress may reflect primary disease activity via immune damage, and that it is possible that stress treatment rather than etiological and medical treatment would be more effective. Psychological stress is common among patients with UC and can lead to reduced quality of life (52) . Given the association between UC and stress, clinicians may consider the treatment of stress is an integral part of therapies for patients with UC.
The present study has certain limitations. First, an animal model was used for exposure to a stress-inducing environment. The experiment should be continued following the elimination of the stress environment to evaluate the change of colonic mucosa and serum levels of IgA, IL-6, IL-8, TNF-α, C3 and C4. Furthermore, the underlying mechanism of action of stress in the development of UC remains to be elucidated. The mechanism of stress in the progression of UC requires further investigation. Future studies should investigate the association between stress and the nervous, endocrine, and immune systems in the context of the pathogenesis of UC.
